When isolated spinach chloroplasts are illuminated, photosynthesis and CO2 fixation die off within 30 to 90 minutes. Even when air levels of CO2 are used which maintain high and rate-saturating amounts of ribulose 1,5-bisphosphate inside the plastids, CO2 fixation declines. The decline begins with a drop in activity of the ribulose 1,5-bisphosphate carboxylase/oxygenase, specifically loss of the enzyme-activator COMg2M9 form. Measurements of Rubisco activity actually detect two enzyme complexes, the enzyme-activator CO2 form, called E-C and the enzyme-activator CO2-Mg2+ form, called E-C-M. Only the E-C-M form can bind RuBP preparatory to catalysis with CO2 or 02 (7). Measurements of the E-C-M activity indicate that it is lost during the die off of CO2 fixation and only the E-C form contributes to the initial activity. Directly following the loss of E-C-M, significant amounts of Rubisco as well as other proteins were released from the chloroplast stroma into the suspending medium.
Experiments studying CO2 fixation and photosynthesis using intact isolated chloroplasts have been performed for many years (4) . Most of these experiments utilize high or saturating levels of CO2 supplied from bicarbonate in the suspending medium. Unlike the intact plant, the rates of photosynthesis with isolated chloroplasts die off and disappear after 20 to 40 min. One of the apparent reasons why this die off occurs is the inability of the isolated chloroplasts to maintain the RuBP2 levels needed to support C02 fixation. Even though the levels of RuBP can be high when spinach chloroplasts are illuminated with air levels of CO2 (about 10 uM in solution), the die off of photosynthetic CO2 fixation still occurs after 15 to 30 min (12, 13) .
Photosynthesis, and the accompanying die off, were studied at air levels of CO2 using a closed apparatus under conditions which permitted photosynthesis without depletion of CO2 below 10 ,uM. The concentration of RuBP produced in the chloroplasts remained at or above the binding site concentration of the Rubisco and did not appear to limit CO2 fixation. During the disappearance of CO2 fixation the total or maximal activity of Rubisco remained high and mostly unchanged. As noted in this paper, the total activity of Rubisco is that activity measured after full activation with saturating Mg2' and bicarbonate. However, along with the die off of CO2 fixation, the activity of Rubisco inside the plastids also decreased, though not to zero. This activity, called initial activity, is measured directly upon lysis of the chloroplasts into assay medium containing Mg2+, bicarbonate, 2Abbreviations: RuBP, ribulose 1,5-bisphosphate; Rubisco, ribulose 1,5-bisphosphate carboxylase/oxygenase; E-C, enzyme-CO2 complex; E-C-M, enzyme-CO2-Mg2+ complex; PGA, 3-phosphoglycerate. 81 and RuBP.
Measurements of Rubisco activity actually detect two enzyme complexes, the enzyme-activator CO2 form, called E-C and the enzyme-activator CO2-Mg2+ form, called E-C-M. Only the E-C-M form can bind RuBP preparatory to catalysis with CO2 or 02 (7) . Measurements of the E-C-M activity indicate that it is lost during the die off of CO2 fixation and only the E-C form contributes to the initial activity. Directly following the loss of E-C-M, significant amounts of Rubisco as well as other proteins were released from the chloroplast stroma into the suspending medium.
MATERIALS AND METHODS Preparation of Chloroplasts. Chloroplasts were isolated from 6 to 8 week old spinach plants (Spinacia oleracea, var Viroflay) as previously described (13) with 80 to 90% of the chloroplasts intact as measured by ferricyanide-dependent 02 evolution (6).
Air Level CO2 Chamber and CO2 Fixation. Photosynthetic CO2 fixation was carried out at air levels ofCO2 by a modification of the procedures described previously ( 13) . Rather than using a gas recirculating system to bubble air through the chloroplasts, the sealed chamber with the sample wells was shaken by a reciprocating shaker going 28 to 30 rpm with 4 cm oscillation.
The chloroplasts (2 ml, 20 Atg Chl/ml) were placed in rectangular sample wells having sloping ends which gave a large surface area (about 4.5 cm2). This arrangement facilitated sufficient CO2 exchange with the gas phase during shaking to maintain 10 AM CO2 during the entire experiment. The floor of the chamber served as the CO2 generator-reservoir to maintain the CO2 levels in the gas phase. The chloroplast suspension solution was 0.33 M sorbitol, 25 mm Hepes (pH 7.8) with NaOH, 1 mM MgC92, 1 mM MnCl2, 2 mm EDTA, and 0.1 mm K2HPO4. Sodium pyrophosphate (2 mM), catalase (600 IU/ml), and carbonic anhydrase (0.02 mg/ml) were added to the sample vials in the sealed chamber prior to an equilibration period. The suspension medium in the sample wells and the gas phase of the closed system were brought into equilibrium with regards to CO2 by shaking 1 to The measurement of the catalytically active form of Rubisco, E-C-M, was performed as described elsewhere (9) . This measurement was made in a similar manner to the initial and total activities except that the Mg2" was replaced with 0.4 mm EDTA in the assay buffer. The sample was diluted at least 25-fold into the assay buffer to insure that any Mg2" brought over into the assay would be completely bound by the EDTA. The RuBP levels were measured as previously described (1 1 Accompanying the die off of photosynthesis, Rubisco activity appeared outside of the chloroplasts. This leakage was deter- Figure 2 that over 60% of the total carboxylase activity was outside the chloroplasts by 60 min. In Figure 3 the initial and total activities either from the inside or outside of the chloroplasts are shown. The solid lines depict the total activity; the dashed lines depict the initial activity. Note that the initial activity located outside goes to a constant value as expected when E-C broke down to the inactive form of Rubisco in the low Mg2" of the suspending medium. Also, the initial activity remaining in the chloroplast does not go to zero even though CO2 fixation has stopped and much of the Rubisco is now outside of the chloroplasts. As Rubisco leaked out following the die off of photosynthesis, the chloroplasts still appeared intact as determined by the Hill reaction using ferricyanide (Table II) . Some chloroplast breakage was observed only after 60 min, but it was not proportional to the leakage of Rubisco into the suspending medium.
Most of the Rubisco was activated as the E-C and E-C-M (-) and initial (---) activities in or outside the chloroplasts during fixation. The sum is the total activity of Rubisco from chloroplasts and the suspending medium. The outside total and initial activities are the Rubisco activities of the suspending medium after centrifugation. The inside total and initial activities are the differences between the Rubisco activity before and after centrifugation.
forms at the start of the experiment. As previously described, when measurements of initial activity are made, both the E-C and the E-C-M forms are measured. The amount of the E-C-M form inside the chloroplast has been estimated during the die off (Fig. 4) . While Rubisco activity in terms of the E-C-M form was not the same as the photosynthetic rate, the two were proportional. Note that as the E-C-M form of Rubisco inside the chloroplast goes to zero, the rate of photosynthetic CO2 fixation also goes to zero.
The results depicted in Figures 1 to 4 were from experiments having air levels (10 AM) C02 in solution. The die off of photosynthesis seen here with isolated chloroplasts occurred even faster when saturating CO2 was used. As photosynthesis died off with 10 mm bicarbonate, the leakage of Rubisco activity increased rapidly to 80% into the suspending medium by 90 min light ( Fig. 5) Fig. 4 ).
Attempts were made to reduce the leakage of Rubisco from the chloroplasts by assaying photosynthesis in various amounts of sorbitol at air levels of CO2 (Table III) . Sorbitol at 450 mm did not increase photosynthesis nor the amount fixed at 60 min, but it did slightly reduce leakage of Rubisco activity to the suspending medium. Sorbitol of 660 and 990 mm did reduce both the initial rate of CO2 fixation and the amount fixed at 60 min as well as reducing leakage of Rubisco to the suspending medium. The rate with which photosynthesis died off was about the same under all sorbitol concentrations.
The chloroplasts could have been broken by shearing as they were mildly shaken during photosynthesis to facilitate CO2 uptake. To reduce this potential effect of shear, the viscosity of the suspending medium was increased from 1.5 to 112.5 cp by addition of up to 0.15% (w/v) methyl cellulose. Shear apparently was not the cause of the die off because addition of methyl cellulose did not help sustain photosynthesis. DISCUSSION Photosynthesis will die off if any one of three conditions is not met simultaneously at the site of CO2 fixation. (a) CO2 must be provided by continual diffusion to Rubisco in the chloroplast; (b) RuBP must be supplied by the Calvin cycle from PGA using the energy of ATP and NADPH provided by the light reactions; (c) Rubisco must be active and capable of reacting CO2 and RuBP to form PGA. The enigma of photosynthesis with isolated chloroplasts, especially when they are illuminated with air levels of C02, is that the process stops even when CO2 and RuBP are present. Rubisco must have become inactive, yet previous measurements had suggested that a significant amount of activity was still present (13) . Measurements of the E-C-M complex indicate that this form disappeared as photosynthesis died off. The presence of the E-C complex accounts for the activity.
Care must be taken in concluding that activity of the E-C-M form is quantitatively the same as the rate of light-dependent CO2 fixation with isolated chloroplasts (Fig. 4) . Photosynthesis was measured with air levels of CO2 while the E-C-M activity used saturating amounts ofbicarbonate. Although both approach zero at approximately the same rate, the absolute rates of each still differ significantly. If both rates are compared at the same CO2 concentration then the photosynthetic rate is 5-to 8-fold greater than the E-C-M rate (Table IV) . The reason for this difference is unknown at present. It appears that the E-C-M complex dissociates to E-C during the time it takes for lysis of the chloroplasts to occur. Even in the presence of a detergent to speed up the rate of lysis the measured rate of E-C-M has been 0.12 to 0.16 ofthe rate ofCO2 fixation (Table IV) . Ifthe measured E-C-M activity were similar to the rate of photosynthesis, then the E-C-M form would account for 0.31 to 0.46 of the initial activity with the rest due to the E-C form. Upon lysis of isolated chloroplasts the E-C-M form has usually been less than 10% of the initial activity. With purified spinach Rubisco, the activity of the E-C-M form is the same as the rate of CO2 fixation. When using purified Rubisco, RuBP is used to stabilize the E-C-M form before it dissociates in the assay medium (5, 9) .
Loss of the E-C-M complex suggests that the thylakoid system loses the ability during photosynthesis to maintain conditions in the stroma such as Mg2' needed for activation and stabilization of the E-C-M complex. Addition of Mg2' to the suspending medium in excess of the Mg2+-EDTA complex results in an even greater loss of CO2 fixation (13) . As yet we have been unable to add compounds to chloroplast suspensions which significantly reduce the die off.
During CO2 fixation with isolated chloroplasts, there are only small changes in the total activity of Rubisco. Recent studies with Rubisco activities in extracts from intact plant leaves indicates that this value can be greatly altered within min in vivo following changes in environmental conditions (2, 14 
